Arthropods are sexually dimorphic. An arthropod individual usually diff erentiates into a male or a female. With very low frequencies, however, individuals with both male and female morphological characters have repeatedly been found in natural and laboratory populations of arthropods. Gynandromorphs (i.e., sexual mosaics) are genetically chimeric individuals consisting of male and female tissues. On the other hand, intersexes are genetically uniform (i.e., complete male, complete female or intermediate in every tissue) but all or some parts of their tissues have either a sexual phenotype opposite to their genetic sex or an intermediate sexual phenotype. Possible developmental processes (e.g., double fertilization of a binucleate egg, loss of a sex chromosome or upregulation/downregulation of sex-determining genes) and causal factors (e.g., mutations, genetic incompatibilities, temperatures or endosymbionts) for the generation of gynandromorphs and intersexes are reviewed and discussed.
Introduction
Unlike in plants and some groups of animals, hermaphroditism is extremely rare in arthropods (but see Hughes-Schrader and Monahan, 1966 , for the exceptional case of coccids). In other words, an arthropod individual diff erentiates into a complete male or a complete female and does not become an intermediate, i.e., arthropods are sexually dimorphic. However, developmental defects, which occur at low frequencies under natural conditions, can lead to morphologically anomalous individuals with both male and female traits. Owing to their strangeness and rarity, such individuals often attract amateur insect collectors, and indeed, some of them are sold at surprising prices (e.g., the website Insect-Sale).
To date, numerous papers have reported the occurrence of arthropod individuals presenting phenotypically male and female parts. Th e distribution patterns of the male and female parts in such individuals are variable. For example, the male and female parts can be clearly bilateral, patchily distributed or uniformly mixed. Individuals with clear borders between the male and female parts are often referred to as gynandromorphs while those with ambiguous or no borders are usually referred to as intersexes. Although this classifi cation based only on the external morphologies is quite common, it does not refl ect the genetic and developmental processes. Th e biological defi nition of a gynandromorph (synonymous with a sexual mosaic) is a genetically chimeric individual while that of an intersex is a genetically uniform individual (e.g., Goldschmidt, 1934 ; Laugé, 1985 ) , which will be explained in the following sections.
In this paper, we review (1) the occurrences of gynandromorphs and intersexes in arthropods, (2) the mechanisms of arthropod sex determination and (3) the possible developmental processes for the generation of gynandromorphs and intersexes. Finally, we discuss the signifi cance of sexually anomalous individuals for better understanding the still unexplored sex-determining systems of arthropods.
Occurrence of male and female traits in a single individual
Th e occurrence of individuals consisting of phenotypically male and female parts has been reported repeatedly in arthropods. Th ey have been found in both natural and laboratory populations of almost all orders of insects as well as non-insects (see Table 1 ). In many cases, however, it remains to be clarifi ed whether they are gynandromorphs or intersexes and they are arbitrarily called gynandromorphs or intersexes. Considering the underlying processes, clearly bilateral individuals are likely to be gynandromorphs (see below for details).
We should exercise caution regarding the point that heterogeneous individuals are more likely to be detected in species in which the sexes are strikingly dimorphic than species in which the sexes are less strikingly dimorphic. Consequently, estimating the frequencies of occurrence merely through publication records can be misleading. Moreover, owing to their conspicuous features, the occurrence of clearly bilateral gynandromorphs may be published more frequently than the occurrence of ambiguous forms of gynandromorphs and intersexes.
To discriminate gynandromorphs and intersexes, it is necessary to identify the respective sexual genotypes of the tissues presenting male and female phenotypes. In species for which molecular analyses are unavailable, conventional karyotyping is widely used for sexual genotyping. In lepidopteran insects with a ZW-ZZ sex chromosome constitution, simple observation of the sex chromatin allows us to discriminate the male (ZZ) and female (ZW) genotypes. Sex chromatin is a highly condensed W chromosome that is visible in interphase nuclei (Traut and Marec, 1996 ) . In insects for which molecular data are available, diagnostic polymerase chain reaction amplifi cations using Y-specifi c or W-specifi c molecular markers also allow us to discriminate the male and female genotypes. In addition, transcriptional analyses of genes expressed in sex-specifi c manners may also be used to confi rm the male and female phenotypes in a single individual.
Sex-determining systems of arthropods
In the majority of insects, sex is genetically determined. For example, dipteran insects like the fruit fl y Drosophila melanogaster have a male-heterogametic sex chromosome constitution (i.e., XX: female; XY: male). Lepidopteran insects like the silkworm Bombyx mori have a female-heterogametic chromosomal constitution (i.e., ZZ: male; ZW: female). Hymenopteran insects like the honeybee Apis mellifera have a haplodiploid sex determination system, in which fertilized (2n) eggs become females and unfertilized (n) eggs develop into males (Bull, 1983 ; Werren and Beukeboom, 1998 ; Heimpel and de Boer, 2008 ) . Th e molecular mechanisms underlying sex determination and differentiation in the model insect D. melanogaster are well understood. At a very early embryonic stage, each cell determines its sex independently, and once determined, the sex of each cell is maintained during later development through a gene expression cascade consisting of Sex-lethal ( Sxl ), transformer ( tra ), doublesex ( dsx ) and other genes, in which sex-specifi c mRNA splicing plays an important role (Schutt and Nöthiger, 2000 ) .
Although the molecular mechanisms of sex determination in non-Drosophila systems are not well understood, all the sex-determining mechanisms in insects are proposed to be variations of a single model consisting of a master regulator gene (like Sex-lethal in D. melanogaster ) at the top of the cascade and the highly conserved doublesex gene at the bottom of the cascade (Figure 1 ) (Nöthiger and Steinmann-Zwicky, 1985 ; Hoy, 2003 ) . Sex determination in a cell-autonomous manner is also believed to be widespread among insects on the basis that sexually mosaic individuals often occur in a diverse array of insects (Laugé, 1985 ) .
Like insects, some of the non-insect arthropods are also considered to have genetically based sex determination. However, they diff er from insects as sexual diff erentiation is deeply aff ected by sex hormones that are secreted by particular organs (e.g., the androgenic gland in crustaceans). It is known that some crustaceans are subject to environmental sex determination. In the shrimp Gammarus duebeni , sex is determined post-conception in response to photoperiod cues and is then fi xed for life (Legrand et al., 1987 ) .
Gynandromorphs
Gynandromorphs are chimeric individuals consisting of genetically male and genetically female tissues. In each cell of a gynandromorph, the genetic sex (e.g., sex chromosome constitution) is consistent with the sexual phenotype. In other words, the sex-specifi c expression or alternative splicing of sex-determining genes should be consistent with the genetic sex (Figure 2a ). Gynandromorphs allow us to carry out fate mapping, which reveals the developmental history of each cell in the body of an organism (Garcia-Bellido and Merriam, 1969 ; Hotta and Benzer, 1972 ; Mori and Perondini, 1984 ; Milne and Rothenburler, 1983a ; Myohara, 1994 ) . Th e underlying causes of the generation of gynandromorphs are described below.
Gynandromorphs generated by loss or damage of a sex chromosome
In some insects like D. melanogaster , the number of X chromosomes (or Z chromosomes) relative to the number of autosomes is the initial key factor for sex determination. Loss of one of the X chromosomes during mitosis results in individuals with XX and X0 cells (Figure 3a) . If the loss occurs during the fi rst mitotic division (cleavage), individuals with 50% male tissues and 50% female tissues appear. Furthermore, the later the X chromosome is lost, the smaller the male part in the gynandromorph will be. In D. melanogaster , a mutant strain with an unstable ring-X chromosome often produces gynandromorphs (Hinton, 1955 ) . In this strain, an X chromosome is easily lost during early cleavage, resulting in the frequent appearance of individual that are gynandromorphic at various degrees. Th e generation of gynandromorphs owing to loss of an X chromosome has also been reported in the fl y Sciara ocellaris (Mori and Perondini, 1980 ) .
Gynandromorphs generated from binucleate eggs
Double fertilization of a binucleate egg by X and Y sperms can also give rise to a gynandromorph in Drosophila (Hollingsworth, 1955 ) . In lepidopteran insects such as B. mori , double fertilization of a binucleate egg (ZW) by Z sperms is thought to be the major cause of the generation of gynandromorphs (Goldschmidt and Katsuki, 1927 ) .
Since the female karyotype of B. mori is ZW, the meiotic division separates Z and W chromosomes, so that one remains in the egg and the other is discarded with the polar body. If the polar body is accidentally retained in the egg, both nuclei can be fertilized by Z sperms, resulting in the development of an individual that has male (ZZ) and female (ZW) tissues ( Figure 3b ). In some strains of B. mori , the polar bodies are prone to being retained in the eggs, leading to a high frequency of gynandromorphs (Goldschmidt and Katsuki, 1931 ) . In the hymenopteran insect A. mellifera , fertilized eggs (2n) become females and unfertilized eggs (n) develop into males (Bull, 1983 ; Werren and Beukeboom, 1998 ) . Accidental production of binucleate eggs (2n) followed by fertilization of one of the nuclei can result in the development of an individual that has male (n) and female (2n) tissues ( Figure 3c ).
Gynandromorphs generated by symbionts
Bacteria belonging to the genus Wolbachia (alpha subdivision of the phylum Proteobacteria) are ubiquitous endosymbionts of insects. In some hymenopteran insects, Wolbachia -infected females produce unfertilized eggs that parthenogenetically develop as females. Both antibiotic curing and high temperatures result in male production with elimination of the bacteria (Legner, 1985 ; 1991 ; Zchori-Fein et al., 1992 ) . Treatment with temperatures slightly higher than normal temperatures can give rise to gynandromorphs at high frequencies (Wilson and Woolcock, 1960 ; Bowen and Stern, 1966 ; Cabello and Vargas, 1985 ) . Th e cytogenetic mechanisms of Wolbachia -induced parthenogenesis have been studied in Trichogramma spp. and Muscidifurax uniraptor (Stouthamer and Kazmer, 1994 ; Legner, 1985 ) . Meiosis is normal. In the fi rst mitotic division, the chromosomes condense properly in prophase but fail to segregate in metaphase, resulting in diploidization of the nucleus and homozygosity at all loci.
It is considered that slightly high temperatures incompletely suppress the eff ects of Wolbachia . Under such conditions, diploidization may occur during the second cleavage or a later cleavage instead of the fi rst cleavage and some nuclei escape diploidization and remain haploid (Figure 3d) (Stouthamer, 1997 ) .
Intersexes
In contrast to gynandromorphs, intersexes are genetically uniform (Figure 2b-d) . Some intersexes are genetically intermediate between the typical male genotype and the typical female genotype (e.g., XXY) and the sex-determining genes in every cell follow their own genetic signal (e.g., X:A ratio in Drosophila ) (Figure 2d ). On the other hand, other intersexes are genetically purely male or female, but some parts of their bodies have a sexual phenotype that is opposite to their genetic sex, i.e., partial feminization (Figure 2b ) or partial masculinization (Figure 2c) . However, all intersexes should be caused by defects in the processes of sex determination and diff erentiation, and thus strict classifi cation of intersexes is of little importance. Here, we arbitrarily classify the intersexes according to the causal factors.
Intersexes generated by chromosomal aberrations
Genetic intersexes are individuals that are genetically intermediate between male and female. Triploid intersexes are one such example. In Drosophila , the initial signal for sex determination is the ratio of the X chromosome number to the autosome (A) number, in which XX;AA individuals (X/A = 1) become female and XY;AA individuals (X/A = 0.5) become male. In a triploid intersex (XXY;AAA) with an X/A ratio of 0.66, each cell diff erentiates into an intermediate sexual phenotype (Figure 2d ). Triploid intersexes are also known in the moth Solenobia triquetrella (Seiler et al., 1958 ) . Other types of intersexes are genetically purely male or female and some parts of their bodies are feminized or masculinized during the processes of sex determination and/or diff erentiation.
Intersexes generated by loss-of-function mutations
In D. melanogaster , loss-of-function mutations such as Sex-lethal ( Sxl ), transformer ( tra ), intersex ( ix ) and doublesex ( dsx ) exhibit sex reversal in their phenotypes. Th ese are examples of phenotypic intersexes. Epistatic interactions between these mutations revealed by classical genetic experiments have allowed understanding the hierarchical gene expression cascade controlling sex determination in Drosophila (Schutt and Nöthiger, 2000 ) . Furthermore, molecular genetic experiments have revealed that sexspecifi c mRNA splicing of the Sxl , tra and dsx genes plays a crucial role for sex determination in Drosophila (Schutt and Nöthiger, 2000 ) .
Intersexes generated by crosses between diff erent strains
In the moth Lymantria dispar , crosses between diff erent geographic strains result in the generation of intersexes that exhibit a uniformly intermediate phenotype (Goldschmidt, 1934 ; Mosbacher, 1973 ) . Since the karyotype of these individuals shows the female genotype (ZW), the cause of the intersexual phenotype is considered to be incomplete masculinization of genetic females. Likewise, hybridization between the closely related moths Smerinthus ocellata and Smerinthus populi results in the generation of intersexual off spring (Morgan, 1909 ) . A particular genetic combination may aff ect the normal expression of the sex-determining genes in L. dispar and the Smerinthus species. Th e generation of intersexes through crosses between diff erent strains or between closely related species may result from diverging sex-determining systems. It is generally considered that the sex-determining systems of arthropods are evolving rapidly (Werren and Beukeboom, 1998 ) .
Intersexes generated by epigenetic factors

Environment
Exposure to high temperatures can induce partial feminization of genetic males in the mosquito Culex stimulans (Brust, 1966 (Brust, , 1968 Brust and Horsfall, 1965 ; Horsfall et al., 1964 ; Anderson, 1961 , 1965 ; Craig, 1965 ) . On the other hand, high temperatures induce masculinization in the bagworm S. triquetrella (Seiler, 1935 ) and stick insect Carausius morosus (Bergerard, , 1961 . Upregulation or downregulation of sex-determining genes induced by unusual temperatures may be possible causes of intersexual development. In the shrimp G. duebeni , photoperiods after mating determine the sex of the off spring (Legrand et al., 1987 ) .
Sex hormone
In the fi refl y Lampyris noctiluca , transplantation of the larval male gonad into female larvae was reported to result in masculinization, suggesting the presence of a sex hormone in these insects (Naisse, 1966a (Naisse, , 1966b . Th is is an exceptional case among insects as sex hormones are generally considered to be absent. However, similar experiments carried out recently did not alter the sexual phenotype of these insects (Maas and Dorn, 2005 ) . Th erefore, the authenticity of hormone-associated masculinization in these insects and its relationship with the sex-determining genes remain unclear.
Symbionts
In some amphipods such as G. duebeni and Orchestia gammarellus , in which sex is determined environmentally, males can be partially or completely feminized by unicellular eukaryotes such as the microsporidian parasites Octosporea eff eminans and Nosema granulosis , and the haplosporidian parasite Paramartelia orchestiae , leading to intersexual development (Bulnheim and Vavra, 1968 ; Bulnheim, 1977 Bulnheim, , 1978 Kelly et al., 2004 ; Ginsburger-Vogel, et al., 1980) . In some isopods such as Armadillidium vulgare , sex is genetically determined but genetic males are known to be completely feminized by the endosymbiotic bacteria Wolbachia (Figure 2b ) (Rigaud et al., 1997) . In A. vulgare , heat treatment attenuates the eff ects of Wolbachia and leads to the generation of intersexes (Juchault et al., 1980 ) . On the other hand, a virus is known to maculinize some of the tissues of A. vulgare genetic females, leading to the formation of intersexes (Figure 2c) (Juchault et al., 1991 ) .
Wolbachia also have a feminizing ability of insect hosts. In the butterfl y Eurema mandarina (former name Eurema hecabe , yellow-type), genetic males are completely feminized by Wolbachia . Antibiotic treatment of E. mandarina infected with feminizing Wolbachia results in the generation of intersexes (Narita et al., 2007a ) . On the other hand, in the moths Ostrinia scapulalis and Ostrinia furnacalis , naturally occurring Wolbachia kill genetic males. However, genetic males can be rescued and develop as intersexes when their mothers are treated with antibiotics or high temperatures (Kageyama and Traut, 2004 ; Sakamoto et al., 2008 ) . Th ese observations imply that Wolbachia have a feminizing eff ect that is lethal for Ostrinia males. It is unknown how Wolbachia interfere with the sex-determining system of insects. However, epigenetic modifi cation is suggested to play an important role in the leafhopper Zyginidia pullula , in which naturally-occurring Wolbachia cause partial feminization of genetically male individuals. In Z. pullula , DNA methylation of the feminized males exhibits a similar pattern with normal females (Negri et al., 2006 (Negri et al., , 2009 .
Not only microorganisms but also nematodes, trematodes and turbellarians can have signifi cant eff ects on gonad development and/or secondary sexual characters of various arthropods (reviewed by Baudoin, 1975 and references therein). It has been clearly shown that the infection by the mermithid nematode Gasteromermis sp. is known to feminize genetic males of the mayfl y host Baetis bicaudatus morphologically and behaviorally (Vance, 1996 ) .
As described above, various factors are responsible for the generation of intersexes but the individual factors are likely to aff ect particular steps of a single process of sex determination (Figure 1) . Future studies will allow us to reconcile the seemingly various types of intersexes in the context of sex determination and diff erentiation.
Conclusions
Ever since ancient times, people have been eager to know about the diff erences between males and females. In some societies, animals with both male and female organs were sanctifi ed and admired. At the present time, such phenomena occurring in insects attract both insect collectors and researchers. Th e high degree of attention can be inferred from the number of published papers describing gynandromorphism and intersexuality in arthropod species.
However, most of these papers only describe the external morphology of the anomalous individuals. From the scientifi c perspective, it would be most useful to elucidate the mechanisms that generate gynandromorphs and intersexes in non-Drosophila systems, in which the mechanisms of sex determination and diff erentiation are poorly understood. Indeed, as mentioned above, the great progress made toward elucidating the detailed molecular mechanism of sex determination in D. melanogaster is primarily based on the presence of numerous mutant stocks that exhibit intersexual phenotypes (Schutt and Nöthiger, 2000 ) . Since such mutant strains are absent or very rare in other insects, current studies on sex determination basically rely on the cloning of homologous sequences to the sex-determining genes of D. melanogaster (e.g., Sievert et al., 1997 , Oliveira et al., 2009 Suzuki et al., 2003 ; but see Beye et al., 2003 ) . In particular, sex reversals (i.e., intersexes) induced by symbiotic microorganisms are often repeatable and controllable under laboratory conditions (Rigaud, 1997 ; Kageyama and Traut, 2004 ; Narita et al., 2007a ) . Elucidation of the molecular mechanisms of such phenomena may allow us to reveal the common mechanism of sex determination among arthropods. Paul, 1941; Friauf, 1947 (Continued ) Cousin, 1967 ( Gryllus bimaculatus x campestris ) x G. bimaculatus Cousin, 1935 Cousin, , 1937 Gryllus bimaculatus Johnstone, 1975 Gryllus bimaculatus x capitatus Cousin, 1963 
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